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ABSTRACT 
 
In this study, a different method has been followed to increase the thermo mechanical properties 
and oxidation resistance of Al2O3-SiC-C refractories. In the present work, a specially treated 
graphite was used as carbon source to partially replace ﬂaky graphite in Al2O3-SiC-C refractories 
in order to study the effect of its addition on the microstructure and mechanical and thermo-
mechanical properties. 
Al2O3-SiC-C refractory batches fortified with various fractions of STG were prepared on a pilot 
plant scale, and their thermo-mechanical properties were studied. Bulk density, apparent porosity, 
cold crushing strength (of tempered as well as coked specimens), hot modulus of rupture, oxidation 
resistance, slag corrosion test, permanent linear change and thermal shock resistance were the 
properties studied across a series of batches. The new compositions exhibited excellent hot 
strength, thermal shock resistance, slag corrosion resistance and oxidation resistance. 
 
 
Keywords: Al2O3-SiC-C refractories, specially treated graphite (STG), low carbon Al2O3-SiC-C 
refractories 
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1.1 Introduction: 
Refractories are non-metallic inorganic materials, they have high softening temperature. They 
also possess good mechanical properties particularly at high temperatures and most often at room 
temperature as well, good stability on rapid temperature change etc. The materials also have 
good corrosion and erosion resistance to molten slag, metals and hot gases. According to ASTM 
C71 “nonmetallic materials having those chemical and physical properties that make them 
applicable for structures or as mechanisms of systems that are showing to environments above 
538oC” [1] Refractories show good mechanical properties at high temperature and as well as at 
low temperature. They have better corrosion and erosion resistance to molten slag, metals and 
hot gases. Due to good thermo-mechanical and thermo-chemical properties refractory materials 
are used in various high temperature processes, including iron and steel making, non-ferrous 
metal processing, cement, glass, chemical industries, in high temperature furnaces, kilns, boilers 
and incinerators. 
Many of the scientific and technological developments would not have been possible without 
refractory materials. Manufacturing of any metal without the use of refractory is impossible. 
Refractories consumption in steel and iron industries is nearly 70% of total refractories 
production. [2] Iron and steel industries are the highest consumers of refractories. So, the 
refractory production has to be in sync with the demand of iron and steel industries. Better 
manufacturing and application environment is challenging a new generation of refractory 
material with improved properties, performance and life with eco-friendliness. 
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 Refractories can be classified into three major groups based on their constituent phases.- 
a) Acidic (silica, fireclay and zirconia) 
b) Basic (magnesite, magnesia-carbon, alumina/magnesia-carbon, chrome-magnesite 
and magnesite-chrome, dolomite) 
c) Neutral (alumina, chromites, silicon carbide, carbon and mullite) 
 
Iron and steel industries are the main consumer of refractories. India has appeared as the fourth 
largest steel manufacturing nation in the world, as per the current figures release by the World 
Steel Association in April 2011. Total crude steel production in India was around 69 million tons 
for 2010-2011 and it is expected that the crude steel production capacity in the country will 
increase day by day. Further, if the proposed expansion plans are completed as per schedule, 
India is on the way to become the second largest crude steel producer in the world by 2015-16. [3] 
As production of crude steel is increasing at a momentous speed, the production of refractory has 
also increased over the years to meet the growing demand. Besides, there has been a phenomenal 
change in refractory technology to fulfill the demand of high quality and quantity steel 
production. In this situation, carbon containing refractories has found the widest applicability in 
basic oxygen furnace (BOF), electric arc furnace (EAF) and also in ladle metallurgy due to their 
good thermal shock resistance and excellent slag-corrosion resistance.  
It is well known that the steel metallurgy industries need to consume large amounts of refractory 
material, including shaped and unshaped refractories. [4–6] This is, especially so in puddle blast 
furnace systems [7], with the process engineering of blast furnace shells, casting houses, and 
molten iron storage, and transportation, etc.  [8, 9] These require many Al2O3–SiC–C (ASC) 
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refractories. [10] Carbon containing refractories have been broadly used as high duty and useful 
refractories in the metallurgical industry due to their excellent mechanical, thermal and chemical 
properties. [11, 12] Carbon plays an important role in this type of refractories due to its low 
wettability with molten slag and high thermal conductivity. [13,14] Another important benefit of 
adding carbon is that it reacts with Al or Si additive to form such ceramic phases as Al4C3, SiC, 
Al4O4C and Al4SiC4, which function as strengthening and toughening phases that improve 
mechanical properties. [15, 16] Day by day the production of clean steel calls for developing low 
carbon technology in refractories increasingly. However, it is sure to deteriorate properties of 
carbon containing refractories when reducing carbon content simply. For applying low carbon 
technology in refractories, traditionally, the mixture of different carbon sources, [17] such as 
graphite flake, carbon black, or derivative carbon pyrolyzed from phenolic resin, was added into 
refractories. 
 
1.2 Al2O3–SiC–C (ASC) Refractory System: 
ASC brick is a composite material based on alumina and C and bonded with high carbon 
containing pitch and resin, with some metallic powder as anti-oxidants to protect the carbon. 
ASC bricks are made by high pressure. These bricks show excellent resistance to thermal shock 
and slag corrosion at higher temperatures. ASC bricks are used extensively in steel making 
processes especially in basic oxygen furnaces, electric arc furnaces, lining of steel ladles, and 
mostly used in torpedo ladles etc. [18] 
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Some of the important features of ASC refractories are outlined as follows: 
1. ASC refractories have high refractoriness as no low melting phase occurs between Al2O3 
and C. 
2. Graphite, the carbon source, has very low thermal expansion; hence in the composite of 
Al2O3-SiC-C the thermal expansion is generally low. 
3. Graphite has very high thermal conductivity, which imparts high thermal conductivity in 
the Al2O3-SiC-C composites. 
4. Thermal shock resistance of ASC is very high because the thermal expansion is low and 
the thermal conductivity is high. 
5. ASC bricks prevent the penetration of slag and molten steel because of the non-
wettability of carbon, similar to other graphite based refractories. 
6. Better ability to absorb stress, thus keeping down the amount of irregular wear due to 
cracks. 
7. Better spalling resistance, owing to high hot strength of the refractory composite. 
ASC bricks consist of alumina, silicon carbide, graphite, antioxidant and binder. Alumina grains 
are the main constituent of the system which gives very high resistance to basic slag corrosion. 
Graphite has non-wetting nature which improves the corrosion and thermal shock resistance of 
the ASC system. However, graphite is liable to oxidation. Antioxidants prevent oxidation of 
carbon and improve high temperature strength by the formation of various carbides. The 
carbonaceous binder keeps the different components of the refractory together, which form 
amorphous carbon after the coking process during which volatile species leave the resin. 
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ASC refractories have found the widest applicability in BOF and EAF furnaces and also in steel 
ladle due to their good thermal shock resistance and excellent slag-corrosion resistance at 
elevated temperature. These properties come due to the non-wetting nature (graphite) with slag, 
high thermal conductivity and low thermal expansion of carbon. The penetration and corrosion 
resistance are improved by the formation of a nascent dense layer of Al2O3 on the working 
surface of ASC brick, due to oxidation of Al2O3 (produced in the reaction between Al2O3 and C). 
But carbon suffers from poor oxidation resistance and may oxidize to form CO and CO2 
resulting in a porous structure with poor strength and corrosion resistance. Prevention of carbon 
oxidation is done by using antioxidants, which reacts with incoming oxygen, gets oxidized and 
protects carbon, thus retaining the brick structure and properties. In presence of high carbon 
content, conductivity of ASC brick increases and results in loss of heat energy through the 
furnace wall. Presence of large quantities of carbon in ASC brick makes the reduction of carbon 
content in steel difficult. Finally the main problem for nowadays is environmental pollution 
because the higher amount of carbon produces the higher amount of CO and CO2 which is 
released into the atmosphere. So the global aim is to reduce carbon content in ASC refractories 
while retaining the thermo-mechanical properties. 
Lot of efforts has been made to develop low carbon refractories for the production of low carbon 
and ultra-low carbon steels. Approaches used to prepare low carbon refractories with superb 
mechanical and thermal properties included the addition of micro-/nano-powders and the 
combination of one dimensional nanosized carbon. For example, carbon black has been used 
widely in recent years to make low carbon containing refractories. [19–29]  Bag et al. [30] reported 
that the addition of 0.9wt% nano sized carbon in combination with 3wt% flaky graphite gave the 
best properties in their low carbon MgO-C refractories. Carbon nano fibers (CNFs) or carbon 
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nano tubes (CNTs) have also been examined for their use as carbon sources for low carbon 
refractories due to their unique thermal, mechanical and chemical properties. Min Feng Yu et al. 
reported that tensile strength was increased with the CNFS and CNTS.[31, 32] Matsuo et al. [33] 
reported an improvement of 2.2 times in strength for the MgO–C specimen containing 0.4wt% 
CNFs compared to that containing no CNFs, owing to the crack arresting effect of CNFs. Also, 
Luo et al. [34] observed that better mechanical properties can be obtained in Al2O3–C refractories 
when 0.05 wt% CNTs was added. Roungos and Aneziris [35] also informed that adding of CNTs 
in combination with aluminum- nano sheets in Al2O3–C refractories led to superior thermal 
shock resistance. Recently, another new type of nano sized carbon, graphene or graphite oxide 
nano sheets (GONs), was studied for use as a reinforced phase for the polymer matrix and 
ceramic matrix composite sowing to its excellent mechanical, thermal and electrochemical 
properties. [36–40] For example, Wang et al. [41] obtained a fracture toughness value of 5.21 MPa 
m1/2 for the graphene nanosheets/alumina composites, which was 53% higher than the pure 
alumina (3.40 MPa m1/2). In the present work, special treated graphite (STG) was used as a 
carbon source to partially replace ﬂaky graphite in ASC refractories in order to study the effect 
of its addition on the microstructure and mechanical and thermo-mechanical properties. 
1.3 Application of ASC refractory: 
  Torpedo ladles are usually used for transporting hot metal from blast furnace to steel making 
shop. Also primary transportation, torpedo cars are also used as iron purification unit and various 
pretreatments. The operating conditions prevailing in the charge pad, metal and slag zone, mouth 
areas of torpedo ladles vary significantly. 
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  ASC bricks used in: 
 Melting iron pretreating equipment 
 Work lining of Torpedo ladles 
 Work lining of hot metal transfer ladles 
 Used as the tailing bricks of steel tapping hole 
 Steel tapping hole of EAF 
 Used as transfer ladles 
ASC refractory is one of the highest consumable refractory items in steel sector. The demand of 
steel in the country is currently growing at the rate of over 8% and it is expected that the demand 
would grow over by 10% in the next five years. So it is expected that demand of ASC 
refractories will also increase with the demand of steel. Selection of raw materials, their grading 
and grain size distribution and composition play a very important role in the development of 
various physical properties, microstructure and thermo-mechanical properties of ASC refractory 
bricks. Various different types of Al203 (alumina) grains provide different levels of corrosion 
resistance. Because of its unique advantages and very high demand in steel industry there is a 
huge scope and requirement of further improvement in the properties of ASC refractories.  
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2.1 Historical perspectives ASC refractory: 
Carbon has been accepted as a very important component of refractories after 1950’s. The 
addition of carbon results to a better thermal and chemical resistance and hence the life of 
refractory linings has been increased, which ultimately reduces the cost of steel production. [42, 43] 
Nowadays carbon containing refractories have been recognized for many different applications. 
As described by Sidinei N Silva et al [44] high alumina bricks were generally used in the torpedo 
ladle because of its compatibility with the acidic slag along with the hot metal transportation. But 
due to the formation of eutectic phase at lower temperature and to have better thermo-mechanical 
stress later on ASC bricks have been effectively used in charge pad and slag line area of torpedo 
ladle. [45-46] In recent years, with the development of blast furnace melting technology, melting 
intensity continues to increase, in 2011 the country has reached the blast furnace pig iron 628 
million tons, consumption of blast furnace refractories larger. Al2O3-SiC-C castable with high 
strength, erosion resistance, thermal shock resistance and long life and other characteristics, both 
carbon and silicon carbide, high thermal conductivity, low expansion and slag are given this non-
wetting material system good physical and chemical properties, which are widely used in blast 
furnace. In present invention aims to overcome the existing technical defects, the purpose is to 
provide a simple process for lightweight Al2O3-SiC-C refractory castable preparation, prepared 
by the method of light Al2O3-SiC-C castable not only high strength, excellent thermal shock 
resistance, anti-erosion ability and medium low thermal conductivity, and the apparent porosity 
and pore size controllable; ditch the article for the iron, torpedo car, Mixer and ladle (tank). The 
carbon has low wettability and excellent thermal shock resistance at operating temperature 
therefore the slag does not get wet and the service life of the ASC brick increases. 
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However, the carbon has poor oxidation resistance as one of the drawback thus higher carbon 
content in ASC refractory tends to oxidize at higher temperatures. After the oxidation of carbon, 
the structure of ASC brick is destroyed and the slag can penetrate into the structure. Due to this 
problem the brick lining gets eroded and the brick loses its strength. To reducing this problem, 
several additives such as antioxidants are usually added to the refractory batches during brick 
fabrication .Antioxidants often used in ASC refractories include metals/alloys (such as aluminum 
metal powder). [47]   
Masaaki Mishima et al. [48] have studied the effect of varying the carbon content of the ASC 
brick on the shell temperature of torpedo cars, which is very critical for the operation of the 
torpedo. Torpedo car linings have undergone important changes over the years. [49-51] The main 
reasons were severe working condition in blast furnace area i.e. increasing temperature, 
desulphurization and other metallurgical treatments. Wang Zhanmin et al. [52] reported that the 
addition of different metal additives not only affects the oxidation behavior of ASC system but 
also has an effect on the sintering behavior of the refractories on the service condition. Liu Guoki 
et al [53] studied the mutual effect of addition of different metallic additives in the alumina – 
carbon system. The bonding phases as well as the properties (especially thermo mechanical 
properties) of the ASC system were found to improve extremely by the addition of these 
additives. Al2O3-SiC-SiO2 composites have been widely used as high duty and functional 
castable refractories in numerous applications in the iron and steel making industry especially in 
blast furnace iron/slag runners due to their excellent mechanical, thermal and chemical 
properties.[54] Carbon plays an important role in these type of refractories owing to its low 
wettability with molten slag and high thermal conductivity.[55]   Al2O3·SiO2–SiC–C resin  bonded 
composites form an  important type of new composites for such iron making applications as iron 
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and slag  runners in blast furnaces, furnace bottom, and electric-furnace spouts.[56] They can be 
changed from high performance chamotte–carbon and bauxite–carbon composites. This type of 
composites shows not only superior slag corrosion and erosion (wear) resistance, but also 
excellent thermal shock resistance and mechanical properties. These composites contain mainly 
of aluminosilicate and carbon bonds formed by carbonization of phenol resins (resole) during 
firing of the composite. [56-57] V. Roungos and C.G. Aneziris reported that thermal shock of 
Al2O3–C refractories was improved by the nanoscaled additives. Magnesium aluminate spinel 
(MgAl2O4), alumina nanosheets (α-Al2O3) and carbon nanotubes (CNTs) were used as nano 
scaled additives. It was found out by the study that overall best properties were performed by the 
alumina nano sheets and carbon nano tubes. [58]  
2.2 With the help of various Carbon Source for improvement of high 
temperature properties of Graphite based Refractories: 
 2.2.1 Use of nano carbon and carbon black: 
Recent research has discovered that replacing graphite flakes with nano carbon powder can 
induce in situ formation of nano fibres in the matrix of C-containing refractories, which can 
improve the refractories properties and performance. With the addition of nano carbon and 
carbon black thermal shock resistance, heat and oxidation resistance were improved. [59-60] Now a 
days the production of clean steel calls for emerging low carbon technology in refractories 
increasingly.  It is bound to deteriorate properties of carbon containing refractories if carbon 
content is simply reduced. In general, the mixture powder of carbon sources, such as graphite 
flake, carbon black, or derived carbon from phenolic resin, is added into low carbon containing 
refractories.[61] In that case it is difficult to separate the effect of each carbon source on the 
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morphologies of in-situ formed ceramic phases most important to the blindness for further 
optimizing mechanical properties. Actually, morphologies of strengthening phases affect 
mechanical properties of composite materials, no matter whether they are introduced as a metal, 
or ceramic. It was informed that different carbon sources can be used to synthesize SiC of 
different morphologies [62-63] which will construct the microstructures and increase their 
properties of materials. [64-65]  
2.2.2 Use of Multi-Walled Carbon nanotubes (MWCNTs) and Ultrafine Micro 
Crystalline Graphite (UMCG) Powders: 
Another study reported that microstructures and mechanical properties of Al2O3-C refractories 
with Al, Si and SiO2 as the additives fired in the temperature range from 800 to 1400 °C were 
investigated ,when multi-walled carbon nanotubes (MWCNT) were used as the carbon source to 
partially or totally replace graphite flake in the materials. The results showed that specimens with 
only graphite flake, specimens containing 0.05 wt. % MWCNTs possessed better mechanical 
properties at further increased of MWCNTs amount from 0.1 to 1 wt. % properties deteriorated. 
The Cold modulus of rupture (CMOR) and flexural modulus (E) values are 23.70 MPa for 
CMOR and 3733.36 for E, secondly 14.11 MPa for CMOR and 2540.91 for E were reported at 
1200 °C for 0.05% and 0% MWCNTs. [66] A recent study addition of ultrafine micro crystalline 
graphite (UMCG) powders in Al2O3–C refractory showed that microstructure and mechanical 
properties were improved with the addition of UMCG in comparison to the graphite. [67] 
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2.2.3 Use of Graphite Oxide, Graphene Oxide Nanosheets (GONs) and 
Expanded Graphite: 
Wang et al. reported that mechanical properties such as cold modulus of rupture (CMOR), 
flexural modulus (E), force and displacement curves of Al2O3–C refractories with grapheme 
oxide nano sheets (GONs) were improved in comparison with those without GONs. They 
reported that CMOR and E vale increased with increasing expanded graphite amount at a certain 
amount after that, values were decreased. The highest value of CMOR and E was found with 
0.21% of expanded graphite. CMOR and E value at 1200 °C for 0.21% were 25.60 MPa and 3.48 
GPa and for 0% expanded graphite values were 17.16 MPa for CMOR and 2.87 GPa for E. [68] 
   Graphite has very high thermal conductivity. So, energy loss is greater for ASC bricks. In order 
to reduce the energy consumption due to loss of heat, it is preferred to have relatively low carbon 
content in ASC refractories. But, this leads to lower thermal shock resistance. In recent years, the 
reduction of carbon content in ASC refractories is the main aim of the research. Extensive 
research is ongoing to reduce the carbon content of ASC refractories without deterioration of its 
properties. 
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2.3 Raw materials for ASC refractory: 
The raw materials play a dynamic role in the performance and life of the refractories. Different 
alumina aggregates, in general fused and sintered alumina have been used for the processing of 
the ASC refractories. White fused alumina (WFA) and brown fused alumina (BFA) are classified 
under the fused alumina category and tabular alumina (TA) is under sintered category. The main 
raw materials are alumina, silicon carbide, graphite; antioxidants and binder, including pitch 
powder and resin. Details of the each of the raw materials are described below. 
2.3.1 Alumina:  
Alumina is the main constituent of ASC brick which contains about 83 wt. % or more of the total 
batch. Three different types of alumina raw materials are used to produce ASC brick. 
i. Brown fused alumina (BFA) 
ii. White tabular alumina(WTA) 
iii. Andalusite 
iv. Calcined alumina 
v. Reactive alumina 
Andalusite: 
Three specific properties of andalusite are very interesting for the production of high-quality 
refractories, that andalusite is free of water; its crystal remains stable without changing its 
density or volume after firing and therefore has no internal porosity and low thermal 
conductivity. 
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Calcined alumina: Properties of calcined alumina are 
 Enhanced refractoriness and performance 
 Improved mechanical strength 
 High abrasion resistance  
 Thermal shock resistance 
Reactive alumina: Properties of reactive alumina are 
 Low open porosity 
 Excellent sinter reactivity 
 Excellent wear resistance and mechanical strength  
General Idea about Alumina Aggregates: 
Brown fused alumina (BFA) are basically impure (~95% Al
2
O
3
) but extremely dense material, 
high abrasion resistance. The tabular alumina is highly chemical pure (>99% Al
2
O
3
) and has 
high particle density. The materials have excellent volume stability and chemical inertness. 
Although the total porosity of white fused alumina is parallel to the tabular alumina, it contains 
mainly large interlocking open micro pores. The crushing strength of white fused alumina is 
lower than the brown fused alumina and tabular alumina. The porosities in tabular alumina are 
spherical closed pores only. The open porosity of white fused alumina is three times higher than 
the tabular alumina. The presence of uniformly distributed closed pores in tabular alumina 
contributes to the low water absorption. An extreme open porosity would also result in greatly 
differing grain strength and high temperature volume stability. Partially sintered grains would 
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show poor volume stability and shrink further when used at high temperature. Although higher 
density has been found in brown fused alumina, the thermal shock resistance of brown fused 
alumina reduces due to absence of closed porosity. Due to the presence of TiO2, brown fused 
alumina leads to higher densification. But liquid phase sintering already would appear at higher 
temperature, which results in degradation of high temperature properties. The thermal spalling 
resistance of tabular alumina is very high due to the presence of closed porosity. The spherical 
closed pores act as inhibiter to crack transmission during thermal cycling. [69] The rough and 
irregular shape surface morphology of tabular alumina aggregates offers better interlocking with 
other aggregates and shows better mechanical strength. But, the fused alumina aggregates grain 
shows smooth surface resulting lower mechanical strength in comparison to the sintered alumina. 
[70] 
 
2.3.2 Graphite: 
Carbon is found in the form of diamonds, graphite and as coal. For refractory purpose natural 
and artificial graphite are important for manufacturing of carbon bricks. The raw materials for 
carbon should have ash content as low as possible as well as a high yield. [71] The graphite 
structure is well known [72-74] fig. and indicates a planer structure with an infinite two 
dimensional array of carbon atoms arranged in hexagonal networks in the form of an atomic 
molecule. The C-C bond (covalent) the plane is strong as indicated by the interatomic distance of 
0.142 nm where the bonding (van der Waal type) between the planes is weak the interatomic 
plane spacing being 0.304 nm. 
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Fig.2.1: Crystal structure of graphite 
Flaky graphite is used as a source of carbon in the manufacturing of ASC refractories due to its 
following properties:-  
• High melting temperature  
• High thermal conductivity  
• Low thermal expansion coefficient  
• High thermal shock resistance  
• Low friction and hence good compressibility character  
• Low wettability to molten slag (because low interfacial tension between graphite and 
molten materials) and hence better corrosion or erosion resistance  
• Bad oxidation resistance. It starts to be oxidized in oxidizing atmosphere at (500 °C)  
 
19 
 
2.3.3 Resin: 
Because of flaky and non-wetting characteristics of graphite, it is very difficult to produce a 
dense brick without any strong binder. The main role of binder is to provide green strength to 
ceramic bodies. Resin was found to be the best binder for ASC refractories because of these 
following properties- 
i. Resin contains high amount of fixed carbon which gives strong bonding property. 
ii. Resin has a high chemical affinity towards graphite and magnesia grain. 
iii. Because of its thermosetting nature resin possesses high dry strength. 
iv. It produces less hazardous gas than tar/ pitch. 
v. At curing temperature (~ 200oC) resin polymerizes which gives isotropic 
interlocking structure. 
vi. Cold crushing strength (CCS) increases with the increase of resin content. 
The desired viscosity of resin should be around 8000 cps, which ensures proper mixing of the 
other raw materials. Viscosity of resin is quite sensitive to temperature which increases with 
decrease in temperature. So, in winter viscosity of resin increases, this causes low dispersion of 
ingredients in the mixer machine. Whereas in summer, due to high temperature, viscosity 
decreases which gives less strength in the green body and creates lamination. Powder novalac 
resin is normally used to overcome this type of difficulty. [75] Compressibility during pressing 
improves with the increase in resin content and consequently the CCS of the tempered samples 
increase. The resole type resin is best as binder among various resin types. Because of its lower 
viscosity and lower content of volatile species the samples containing resole had the lowest 
porosity after heating at high temperature. 
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2.3.4 Antioxidants: 
The antioxidant (usually additives) plays important role in ASC refractories in the context of 
oxidation protection of carbon bonds. The function of antioxidant is given as below:-  
• They themselves melt or form low melting glassy phase and coats the carbon bonds and to 
protect them from being oxidized.  
• Get oxidized and reduce the partial pressure of oxygen available to oxidize the carbon 
bonds.  
 
However, the addition of antioxidants should be optimized to make a balance between the 
properties of oxidation and corrosion resistance. Generally, metallic silicon, aluminium powder 
or a combination of Al and Si powders are used as antioxidants (or additives) in the ASC 
refractories to improve the physical and thermo-mechanical properties. 
2.3.5 Silicon Carbide:  
Silicon carbide is a structural material with low density, which can bear high temperature, good 
resistance to oxidation, wear and creep and possess high strength. Silicon carbide has a high 
dissociation temperature of about 2600 °C. [76] It does not show any congruent melting point. At 
the dissociation temperature, it decomposes into graphite and molten Si. In an open system 
silicon carbide decomposes at about 2300 oC, into gaseous silicon and a rest of graphite. 
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2.4 Special techniques for Exfoliation of graphite: 
Exfoliation is mainly done by rapid heating or flash heating of graphite intercalation compounds. 
Due to the sudden volatization of intercalate a huge unidirectional expansion occurs. There are 
several techniques for exfoliation of graphite. 
Wen-Shyong Kuo et al. used a mixture of concentrated sulfuric acid and nitric acid (4:1, v/ v) as 
intercalate agent which was mixed with graphite ﬂakes at room temperature. The reaction 
mixture was stirred continuously for 16 hrs. The acid-treated natural graphite was washed with 
water until neutralized and then dried at 100◦C to remove remaining water. The dried particles 
were heat-treated at 1050◦C for 15sec to obtain expanded graphite particles with a “c” dimension 
about 300 times that of the original “c” direction dimension. [77] 
Zhang Shengtao et al. used potassium permanganate and formic acid to intercalate the graphite 
together with sulfuric acid and nitric acid. Heating temperature was varied from 800 oC to 900oC. 
[78] 
Eduardo H.L. Falcao et al. reported the exfoliation of graphite by microwave heating. Potassium-
THF (tetra hydro furan) was used to intercalate the graphite. Graphite and potassium were heated 
in an evacuated, ﬂame-sealed glass tube to aﬀord KC8 which was transferred to ﬂasks containing 
THF. Then it was soaked for 4–24 hrs and sonicated for about 1 hrs. The subsequent black solid 
was ﬁltered, dried (~70 oC) and transferred to glass tubes which were heated at high power in a 
commercial MW oven to obtain expanded graphite. [79] 
A. Yoshida et al. have reported difference in morphology between the exfoliated graphite created 
by five different intercalation compounds (GICs) with H2SO4, FeCl3& Na tetra hydro furan 
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(THF), K-THF and Co-THF from flaky natural graphite powder with the average particle size of 
400 µm. [80] 
Beata Tryba et al. have reported that, the exfoliation of two residue compounds with H2SO4 
under microwave of diﬀerent powers. The first residue compound was prepared through electro 
chemical intercalation (anodic oxidation) of H2SO4 with an electric power consumption of 7.7 A 
h/kg, followed by water rinsing and the second residue was prepared through washing the 
intercalation compound produced in concentrated H2SO4 with H2O2 at room temperature 
(chemical intercalation). [81] 
Tong Wei et al. have reported a rapid and better method to prepare exfoliated graphite by 
microwave irradiation. Unlike previous reported methods, the natural graphite (NG), oxidant 
(KMnO4) and intercalation agent (HNO3) were only simply mixed before MW irradiation, and 
then put for 60 seconds under in MW irradiation. [82] 
Among all the techniques, MW irradiation is very encouraging, because it can be performed at 
room temperature in a short time with the consumption of less energy. 
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Chapter- 3 
 
Objective of the work 
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3.1 Objective of the present work: 
ASC refractory is an important item for steel production which possesses many advantages as 
a torpedo ladle .But; there are several problems still to be resolved. Therefore huge scope of 
further research and development still exists in this field. In recent times, the main aim of 
research is to reduce carbon content in ASC refractories while retaining all the good 
properties. 
Because of good thermal shock resistance and excellent slag-corrosion resistance at elevated 
temperature ASC bricks have found the widest applicability in BOF and EAF furnaces and 
also in steel ladle. Graphite fills the pores of ASC brick and improves the non-wetting 
property of the bricks and there by improves the slag corrosion resistance. But higher 
amounts of graphite are associated with several difficulties, including high thermal 
conductivity and relatively low strength particularly at high temperatures. Another area of 
concern is the environmental pollution due to the produced CO and CO2 during volatilazation 
oxidation of the resin in ASC bricks. 
In this study, different approaches have been followed to reduce the carbon content as well as 
to increase the thermo-mechanical properties and oxidation resistance. In this study exfoliated 
graphite has been chosen to partially substitute the graphite phase in ASC refractories. An 
attempt has been made to produce expanded graphite for use in ASC refractories. Small 
amounts of exfoliated graphite have been used to partially replace the graphite phase in a 
conventional ASC brick formulation and a few selected properties have been measured. An 
important feature of this work is the fabrication of the refractory specimens in plant 
conditions with characterization and property evaluation being done as with industrial 
specimens. 
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4.1 Raw materials: 
Commercially available high quality with low impurity alumina, natural flakes graphite, 
aluminum metal powder (- 150 µm), silicon metal powder, silicon carbide (SiC) and expanded 
graphite were used to maintain the granulometry of the mixture. Al and Si metal powder were 
used as antioxidants. Liquid resin and powder resin were taken as additives of base raw materials 
for the fabrication of low carbon graded Al2O3-SiC-C brick. 
Different types of alumina which is used in work: 
(a) (BFA)brown fused alumina (3-5) 
(b) BFA(1-3) 
(c) BFA(0-1) 
(d) Andalusite(0-1) 
(e) (WTA)white tabular alumina(-325mesh) 
(f) calcined alumina 
(g) reactive alumina 
As mentioned earlier, this research work is centered on the preparation of expanded graphite, 
to use in ASC refractory as partial replacement of graphite. 
The main raw materials used for developing high performance ASC bricks are dense fused 
alumina grains, silicon carbide, natural graphite, liquid resin and metallic additives. 94 flack 
graphite (FG) was taken as a raw material for carbon. The chemistry of the BFA, Andalusite, 
WTA, flake graphite and liquid resin are given in the tables below. 
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Table.4.1: Chemical Analysis of BFA, WTA, Andalusite and reactive alumina: 
Ingredients 
(wt %) 
BFA Andalusite WTA Reactive 
Alumina 
Al2O3 95.1 58.8 99.5 99.3 
Fe2O3 0.47 0.85 0.1 0.1 
SiO2 0.82 40.4 0.1 0.2 
TiO2 2.65 0.15 - - 
Na2O + K2O 0.14 0.17 0.15 0.28 
 
Table.4.2: Chemical analysis of 94 flake graphite: 
Raw materials Carbon (%) Volatile matter (%) Ash (%) 
Flake Graphite 94.1 0.75 5.15 
 
Table.4.3: Physicochemical Parameters of liquid resin: 
Properties Liquid resin 
Viscosity (CPS) at 25oC 9800 
Specific gravity at 25oC 1.23 
Nonvolatile matter (%) 78.88 
Fixed carbon (%) 47.80 
Moisture (%) 3.30 
 
          
 
 
Table.4.4: Purity of Silicon Carbide: 
Raw Material % SiC % LOI 
Silicon Carbide  95.33 0.18 
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 4.2 Preparation of Special Treated Graphite (STG): 
To prepare the STG, the raw materials were used natural flake graphite (94FC), Potassium 
permanganate (Fisher Scientific, 99.6%) and concentrated nitric acid (65%). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Natural graphite, Nitric acid and Potassium permanganate were 
taken at 1:2:1 weight ratio 
Bowl was directly placed into a domestic MW oven and 
irradiated at 800 W for60 sec. 
Kept at room temperature for 3 min 
Special Treated Graphite (STG) 
Mixed by a glass bar in a microwave safe glass bowl 
Fig.4.1: Flow chart of preparation of STG 
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4.3 Fabrication of ASC brick: 
The composite material prepared as above, was used to replace a part of the graphite phase for 
the preparation of a limited number of ASC refractory bricks. 
4.3.1 Batch Preparation: 
Different batches (batch1 to batch5) of ASC brick were prepared by taking the same amount of 
alumina, resin and anti-oxidant contents. However, Different compositions of ASC bricks have 
been fabricated using different amounts of STG as partial replacement of the natural flake 
graphite. All the batches were prepared in identical conditions. All the variations done in the 
study are compared with the conventionally used ASC brick composition prepared under similar 
conditions. Compositions of different batches are given in the following table: 
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Table 4.5: Composition of different batches of ASC bricks prepared in this study 
Ingredients (wt. %) Batch1 Batch2 Batch3 Batch4 Batch5 
BFA(3-5) 5 5 5 5 5 
BFA(1-3) 37 37 37 37 37 
BFA(0-1) 12.5 12.5 12.5 12.5 12.5 
Andalusite(0-1) 13 13 13 13 13 
WTA(-325mesh) 5 5 5 5 5 
 Calcined 
alumina(2µ) 
10 10 10 10 10 
94FG 7.5 6.5 6 5.75 5.5 
STG 0 1 1.5 1.75 2 
SiC(-100mesh) 8 8 8 8 8 
Al metal powder 2 2 2 2 2 
Liquid resin(Resole) 2.5 2.5 2.5 2.5 2.5 
Powder resin 1 1 1 1 1 
Pitch powder 1 1 1 1 1 
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Table 4.6: Composition of batch 6 of ASC brick prepared in this study 
Ratio of STG to alumina – (1:2), Alumina fine-Calcined alumina  
Ingredients (wt. %) Batch 6 
BFA(1-3) 45 
BFA(0-1) 15.5 
Andalusite(0-1) 13 
WTA(-325mesh) 5 
 Calcined alumina(2µ) 4 
94FG 6 
STG 1.5 
SiC(-100mesh) 8 
Al metal powder 2 
Liquid resin(Resole) 2.5 
Powder resin 1 
Pitch powder 1 
 
Total calcined alumina wt. % in batch6 is 4% and STG is 1.5 wt. %. 
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Table 4.7: Composition of batch 7 of ASC brick prepared in this study 
Ratio of STG to alumina – (1:2), Alumina fine-Reactive alumina  
Ingredients (wt. %) Batch 7 
BFA(1-3) 45 
BFA(0-1) 15.5 
Andalusite(0-1) 13 
WTA(-325mesh) 5 
Reactive alumina 4 
94FG 6 
STG 1.5 
SiC(-100mesh) 8 
Al metal powder 2 
Liquid resin(Resole) 2.5 
Powder resin 1 
Pitch powder 1 
 
Total reactive alumina wt. % in batch7 is 4% and STG is 1.5 wt. %. 
 
 
33 
 
Table 4.8: Composition of batch 8 of ASC brick prepared in this study 
Ratio of STG to alumina – (1:5), Alumina fine-Calcined alumina  
Ingredients (wt. %) Batch 8 
BFA(3-5) 5 
BFA(1-3) 37 
BFA(0-1) 12.5 
Andalusite(0-1) 13 
WTA(-325mesh) 5 
 Calcined alumina(2µ) 10 
94FG 6 
STG 1.5 
SiC(-100mesh) 8 
Al metal powder 1 
Si metal powder 1 
Liquid resin(Resole) 2.5 
Powder resin 1 
Pitch powder 1 
 
Total calcined alumina wt. % in batch8 is 10% and STG is 1.5 wt. %. 
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4.3.2 Mixing: 
The purpose of mixing is that, the raw materials is to make a refractory batch and transform all 
the solid components and the liquid additions into a macro homogeneous mixture that can be 
successively molded or shaped by one of the abundant fabrication methods employed by modern 
refractory manufacturers. All the above batches were separately mixed in a Hobart mixer at room 
temperature for a period of 40 minutes. All the solid raw materials and liquid additives are mixed 
in a sequence for a macro homogeneous mixture.  
The following table shows the mixing order of various raw materials. 
Table.4.9: Mixing sequence of ASC bricks 
Steps Sequence of mixing Mixing time 
(min) 
1 BFA(3-5)+BFA(1-3)+Flakes graphite +Al /Si metal powder 
+Pitch powder 
5 
2 Liquid resin 15 
3 BFA(0-1)+Andalucite(0-1)+WTA+calcined/reactive 
alumina+SiC+STG 
10 
4 Powder Resin 10 
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4.3.3 Aging: 
After homogeneously mixing of the materials, the batches were kept for 2 hours for ageing. 
During aging the polymerization of resin takes place by developing carbon-carbon bonds. 
4.3.4 Pressing: 
After aging the mixed materials were compacted to give a desired shape by pressing. The aged 
mixtures were pressed uniaxially by hydraulic press in a steel mold. An appropriate weight of 
each mixture was taken to get the desired green density and the size of the sample. The steel 
mold was cleaned using brush and cotton after each pressing. For avoiding stickiness between 
the mixture and mold, kerosene was used as a lubricating agent. The mixtures were charged 
slowly into the mold cavity and leveled uniformly in order to escape lamination in the pressed 
sample. To avoid cavity and for uniformly filling of materials in the mold poking was done 
during each pressing. 
4.3.5 Tempering: 
Tempering is the heat treatment process of the refractories at a lower temperature to remove 
volatile matters from the organic green binders and to give enough green strength for handling. 
During this process the chemical bond and bonding phases are developed in the refractory grains. 
Tempering of the pressed green samples was done at 370 oC for 7 hours. With the increase in 
temperature resole resin got converted to carbonaceous phase which helped in developing a 
stronger carbonaceous bond for the refractory brick and increased the mechanical strength of the 
brick. 
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 4.3.6 Coking: 
After tempering the bricks were cut into different sizes pieces for the purpose of different testing. 
Coking was carried out at 1000 oC for 4 hours under reducing atmosphere (carbon bed). Carbon 
bad was used for preventing to oxidize the samples. 
4.4 Characterizations and measurement techniques: 
4.4.1 Phase analysis:  
Phase analysis of the samples was carried out by standard powder x-ray diffraction technique 
using Cu Kα radiation with a step-scanning speed of 22.7 o/min.  Diffraction patterns were 
analyzed with the help X’pert High Score software. Intensity ratios were calculated from the 
digital counts for the relevant peak positions (highest peaks of each of the phases).   
4.4.2 TGA analysis:  
Thermal analysis of the samples was carried out primarily to determine the oxidation 
temperature of graphite and also to measure the amounts of residue, which has been assumed to 
the quantity of silicon carbide contained in each of the samples prepared in this investigation.  
For this purpose, a small quantity of the sample was subjected to TGA analysis in flowing argon 
atmosphere with a heating rate of 10 oC/minute. 
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 4.4.3 Micro-structural analysis of the composite by SEM:  
Microstructures of natural flake graphite, STG were studied using standard NIT RKLNOVA 
NANO SEM. The accelerating voltage was 10 kV. The powders were fixed on a self-adhesive 
carbon tape. For micro-structural analysis of ASC samples we cut thin pieces from the bricks. 
Then those thin slices of samples were coated.  
4.4.4 Apparent porosity (AP) and bulk density (BD):  
AP is defined as ratio of the total volume of the closed pores to its bulk volume and expressed as 
a percentage of the bulk volume. Closed porosity is the pores that are not penetrated by the 
immersion liquid, whereas open porosity are those pores which are penetrated by the immersion 
liquid. AP was measured as per the standard of IS: 1528, Part-8(1974) both for tampered and 
coke samples. The Archimedean evacuation method generally measures both bulk density and 
apparent porosity.  
The test samples were cut from the tempered bricks. After taking dry weight all the samples were 
put into a container and water was added. Then the container was heated for 2 hrs. So that all the 
open pores are filled with water. After that, the suspended weight (W2) and soaked weight (W3) 
were taken and AP was calculated as follows: 
AP = (W3-W1) / (W3-W2) x 100 
BD is the ratio of the mass of the dry material of a porous body to its bulk volume expressed in 
gm/cm3 or kg/m3, where bulk volume is the sum of the volumes of the solid material, the open 
pores and the closed pores in a porous body.  BD was measured as per the standard of IS: 1528, 
Part -12 (1974) both for tampered and coke samples. 
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Whereas true density is the ratio of mass of the material of a porous body to its true volume and 
true volume is the volume of solid material in a porous body. 
B.D = (W1/W3-W2) × density of liquid at temperature of test 
(e.g. density of water at 25oC : 0.997044 gm/cc, at 30oC : 0.995646 gm/cc) 
 
4.4.5 Cold crushing strength (CCS): 
Cold crushing strength of refractory bricks and shapes is the gross compressive stress required to 
cause fracture. The cold crushing strength of the tempered and coked samples was measured as 
per ASTMC-133.  Cold crushing strength of the refractories is measured by placing a suitable 
refractory specimen of on flat surface followed by application of uniform load to it through a 
bearing block in a standard mechanical or hydraulic compression testing machine (Toni Veral 
Germany). The load at which crack appears in the refractory specimen represents the cold 
crushing strength of the specimen. The load is applied uniformly on the sample in the flat 
position. It is expressed as kg/cm2. 
 
The working formula for calculating CCS is given by, 
CCS = Load/Area (kg/cm2) 
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Fig.4.2: Schematic diagram of CCS 
4.4.6 Hot modulus of rupture (HMOR):  
The modulus of rupture of refractory specimen is determined as the amount of force applied to a 
rectangular test piece of specific dimensions until failure occurs. This test method covers the 
determination of the modulus of rupture of carbon-containing refractories at elevated 
temperatures in air. It was determined as per ASTM C133-7. Each value of HMOR was the 
average of two parallel specimens. It was done by three - point bending test using HMOR testing 
apparatus. All the specimens for HMOR were taken as 150mm × 25 mm × 25 mm without pre - 
firing at air atmosphere. The final temperature of HMOR was 1400 oC with a heating rate of 
heating rate of 5 oC/min. It was done in air atmosphere with a soaking time of 30 min. Finally, 
the loading rate of HMOR was 1.2-1.4kg/s according to samples. 
The HMOR value was calculated by the following formula: 
HMOR = (3 W×L) / (2 b×d2) 
Horizontal Test Specimen 
Centre of Spherical seat 
Bedding Material 
Spherical Bearing Block 
Spherical Seat 
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Where “W” (kg) is the maximum load when the specimen is broken;  
“L” is the span length between the lower supporting points.  (125 mm for all the 
tests in the work);  
  “b” is the breadth (cm), “d” is the height of the specimen(cm). 
 4.4.7 Oxidation resistance:  
The samples were fired in an electrical furnace at 1400 oC for 10 hours in air atmosphere. At this 
temperature all the carbonaceous materials of the brick got oxidized particularly from the outer 
surface. The color of the oxidized portion turned off-white compared to the black color of the 
virgin brick and therefore the boundary between the un-oxidized and the oxidized regions were 
quite evident. After the heat-treatment, the cuboid shaped samples were cut and the diameter of 
black portion was measured at different locations and the average value was taken.  
Oxidation index is determined by the formula:  
Oxidation index = (Area of oxidized zone / Total area) × 100 
Lower oxidation index indicates the higher oxidation resistance of the brick. 
It may be noted that conventionally the oxidation resistance tests are carried out by firing the 
samples at 1400 oC for 5 hours. However we have used a much more stringent test standard for 
measuring oxidation resistance of our specimens. 
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4.4.8 Thermal shock resistance: 
Thermal shock/thermal spalling is the direct result of exposing the refractory installations torapid 
heating and cooling conditions which cause temperature gradients within the refractory. Such 
gradients cause an uneven thermal strain distribution through the sample, may cause failure of 
the material.[83, 84] The standard method of finding out spalling resistance is heating the material 
at an elevated temperature followed by sudden cooling in air at ambient temperature. The 
thermal shock resistance of refractory materials is determined using standard quench tests[85, 86] 
in which the material is heated and cooled subsequently and the number of heating &cooling 
cycles that a material can withstand prior to failure is taken as its thermal shock resistance. The 
quantification was done by the number of cycles to withstand such temperature fluctuations.  The 
samples are heated at 1400 ºC for 10 minutes and then suddenly brought down to ambient 
conditions by cooling it in the air for 10 minutes. The number of cycles before any cracks in the 
specimen was noted down as the thermal shock resistance. 
 
     4.4.9 Static slag corrosion test:  
Slag corrosion test by static crucible method was done for all the different compositions at 1600 
0C for 4 h with Blast Furnace slag. Chemical composition (%) and basicity of the Blast Furnace 
slag are given in table .The sections after slag attack are visually compared and corrode 
dimensions were taken. 
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Table.4.10: Chemical composition (wt. %) and basicity of the steel making Blast Furnace slag. [87] 
Constituent Mean Percent (%) 
Calcium oxide (CaO) 34-43 
Silicon oxide (SiO2) 27-38 
Aluminum Oxide (Al2O3) 7-12 
Magnesium oxide (Mgo) 7-15 
Iron (FeO or Fe2O3) 0.2-1.6 
Manganese oxide (MnO) 0.15-0.76 
Sulfur(S) 1-1.9 
 
 
4.4.10 Permanent Linear change (PLC) on reheating: 
In materials certain permanent changes occur during heating and these changes occur due to; 
change in the allotropic form, chemical reaction, liquid phase formation, sintering reactions 
PLC (%) linear = (Increase or decrease in length/ original length) × 100 
With the help of these changes determined the volume stability, expansion and shrinkage of the 
refractory at high temperatures. 
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5.1 Structure and chemistry of graphite and special treated graphite:  
With the help of XRD and FESEM natural graphite was investigated. Natural graphite was 
characterized from the points of view of their particle size, crystallinity, purity etc. 
                            
 
Fig.5.1: SEM images of natural graphite. The left image indicates the lateral size of the graphite 
flakes and the right image is a magnified image of the surface of a flake. 
 
 From FESEM images (Fig.5.1) it was observed that natural graphite is flaky in nature. It can be 
observed from the electron micrograph that the lateral dimension of graphite flakes is more than 
200 µm. 
 
 XRD graph of natural graphite are presented in Fig.5.2. The peaks at 26.56oand 54.69o are 
consistent with the (002) and (004) peaks of graphite respectively. The small bump at 24˚ can be 
explained with trace amount of SiO2 that is present in natural graphite. (Note that the fixed 
carbon content in the used graphite is only 94%, which is considerably on the lower side.) 
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Thermal analysis was done in argon atmosphere up to a temperature of 700oC at a heating rate of 
10oC/min. Results of TGA analysis of natural flake graphite samples are presented in Fig.5.3. 
The graph shows mass loss of <1.5% up to 300˚C. This weight loss occurs due to the moisture in 
graphite. After that weight loss is negligible. 
 
 
Fig.5.2: X-ray diffraction of graphite 
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    Fig. 5.3: Thermal analysis of the natural flake graphite (94FC) sample 
 
 Fig. 5.4: FESEM images of STG 
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On the other hand, the specially treated graphite was quite voluminous as compared to natural 
graphite. From the FESEM images of STG (Fig. 5.4) it was clear that the natural graphite was 
expanded. After treatment the graphite flakes were expanded perpendicular to the graphene 
layers. Spacing between the graphene layers increased up to 30 µm and exposed.  
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Fig.5.5: X-ray diffraction pattern of STG 
XRD pattern of exfoliated graphite is similar to the natural graphite except some extra impurity 
peaks which came due to the presence of manganese oxide. There is a lot of difference in the 
peak intensities. Natural graphite shows a great, sharp and regular peak shape because of its high 
crystallinity. STG shows a peak with reduced intensity.  
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This means that after intercalation, the thick layered graphite crystals have broken down to tiny 
graphitic domains with reduced layer size. The interplanar spacing between graphene layers has 
not changed, which is evident from the fact that the (002) peak remains at the same 2 theta angle. 
We see that the peak has changed from 6133340 counts to about 5750.82 count.  
 
Fig.5.6: Thermal analysis of the STG 
Tharmogravimetric analysis of STG indicates that its behavior is slightly different than that of 
natural graphite. The mass loss over 700-800˚C was about 15% and it remained steady after 20% 
loss. The loss is due to the removal of volatiles, such as nitrates (from nitric acid), potassium etc. 
It was found from carbon analysis that the carbon content in STG is ~ 80%. 
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5.2 Effect of STG amount on ASC Refractories: 
In this section, evaluation of the various thermo mechanical properties of ASC refractory is 
presented with the emphasis on the effect of the amount of STG in the refractory composition. 
 
5.2.1 Physical properties before coking: 
 
 Fig.5.7: Variation of apparent porosity with the variation of STG content 
 
The change in AP with the increase of STG is shown in Fig.5.7. AP has the value of 5.6 without 
any STG and has the value 3.5 for 1.5 wt% STG. This decrease in AP is because of addition of 
STG increases the filling of spaces between bigger refractory particles. Thus overall the porosity 
decreases. But in case of 1.75 to 2 wt% STG AP increases again. The exact reason for the 
increase in AP for 1.75 and 2% STG could not be ascertained. 
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 Fig.5.8: Variation of bulk density with the variation of STG content 
 
The variation of bulk density is shown in Fig.5.8. The variation of bulk density with the STG is 
very less which ranges from 3.06 gm/cc to 3.1 gm/cc. The bulk density without the STG was 
3.06 gm/cc. With the increase of STG content better pore filling is done which due to it higher 
bulk density. However, despite being a very low specific gravity material, the 1.75 and 2 wt% 
STG (in place of similar amount of natural graphite) reach BD values similar to the unmodified 
sample (batch 1). This indicates better packing in the STG based samples in general. Of course, 
sample 3 indicates best bulk density of all of the batches considered. 
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 Fig.5.9: Variation of cold crushing strength with the variation of STG content 
 
The variation of cold crushing strength with the STG is shown in Fig.5.9. From the figure it is 
clear that with the increase of STG cold crushing strength increases. The CCS value of the 
sample which contains no STG is 479 kg/cm2 but for 1.5 wt% STG added sample CCS value is 
525 kg/cm2, which is almost 10% higher as compared to batch 1. Increase in CCS may be 
assigned to better filling of pores and a higher BD. The trend of CCS for STG at other addition 
levels followed trends similar to that of AP and BD and values were roughly similar to CCS 
values for batch 1 (the sample without any STG).  
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5.2.2 Physical properties after coking: 
     Here, the AP, BD and CCS results for the samples they were coked at 1000˚C are discussed. 
 
Fig.5.10: Variation in coked apparent porosity with the variation of STG content 
 
The variation of apparent porosity of coked bricks is shown in fig.5.10. With the addition of STG 
the percentage of AP is reducing in similar fashion to AP of the samples before coking while 1.5 
wt. % STG added samples gives the best value. AP values of coked samples increase because of 
the burning out of the organic species of the resin. Due to the burn out of the resin pores are 
created within the bricks which increase porosity. There is no change overall in AP for the 
standard as well as modified composition, except for batch 3 that show slight improvement.   
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 Fig.5.11: Variation of coked bulk density with the variation of STG content 
 
 
The change in bulk density of coked samples is shown in fig.5.11. The values of bulk density 
vary from 3.03gm/cc to 3.05gm/cc, which is a very close range to distinguish. There is small 
variation in bulk density. The values decrease in comparison with bulk density of tampered 
samples. Similar to the previous tests here also the 1.5 wt. % STG added sample shows the best 
value which is 3.05gm/cc. 
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 Fig.5.12: Variation of coked cold crushing strength with the variation of STG content 
 
The coked CCS values are shown in fig.5.12. The CCS values of coked samples vary in between 
266 kg/cm2 to 316 kg/cm2. From the figure it can be shown that the CCS values of coked 
samples change in similar fashion with tempered samples where 1.5 wt. % STG contained 
sample gives the best value. The CCS values of coked samples are lowered because of the 
breaking of the interlocking structure which has been created after polymerization of resole resin. 
The breaking of the interlocking texture occurs due to the burn out of the organic portion of the 
resin. In general, all of the STG added batches showed improved crushing strength which 
indicates that the distribution of various components of the refractory is homogeneous. In 
addition, batch 3 composition exhibited almost 19% increase in crushing strength as compared to 
the standard. This increment in value was better than its increment for CCS before coking.  
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5.2.3 Hot modulus of rupture:  
 
Fig.5.13: Variation of hot modulus of rupture with the variation of STG content 
 
Based as the previous observation from physical properties, the hot strength values were 
compared between the standard sample (without STG) and the better performing sample (STG at 
1.5%). Fig.5.13 shows the variation of HMOR values with 0 wt. % STG and 1.5 wt. % STG. 
There is a substantial improvement of HMOR for batch 3 at (1.5 wt. % STG) 110 kg/cm2 in 
comparison to the without STG, which was 60 kg/cm2. This is an increment of 83% in hot 
strength, which is exceptional for these types of bricks. With the STG pores inside the bricks fill 
better. So, the strength of the bricks enhances. Because of high surface area, STG is more 
reactive than graphite. So, at the high temperature, higher amount of carbide (Al4C3) forms by 
reacting with antioxidants.  
2Al (l) + 3C(s)  → Al4C3 (s) 
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 Fig. 5.14: FESEM images of 1.5 wt% STG at 14000C 
 
Fig.5.14 shows that, there is lots of fibers are present in 1.5 wt. % STG sample. According to this 
figure, we can see the fibers like structure and aluminum carbide whiskers and also aluminum 
nitride are present in the sample, which are responsible for higher strength and higher HMOR 
value of 1.5 wt. % STG. 
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5.2.4 Thermal shock resistance: 
 
Fig.5.15:  Samples after 12th cycle 
 
 Fig.5.16:  Samples after 13th cycle 
Batch 1 
Batch 5 
Batch 4 
Batch 3 
Batch 2 
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 Fig.5.17:  Samples after 14th cycle 
 
Fig.5.18:  Samples after 15th cycle 
  
Fig.5.19:  Sample after 16th cycle 
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Fig.5.20: Graph of thermal shock resistance 
The thermal shock resistance of different samples is shown in the above figures. Batch 3 which 
contains1.5 wt. % STG shows a good result than batch 2 and 5. Batch 1 and batch 4 shatter after 
12th and 13th thermal cycle, whereas the batch 5and batch 2 sample shatter after 14th and 15th 
thermal cycle. Batch 3 gives the best result which stands without shattering even after 16th 
thermal cycle, with only a crack on its upper surface. Such improved thermal shock resistance 
than others because of the distribution of carbon into the entire matrix. Uniform formation of the 
new carbide ceramic phases from interlocking structure in the sub grain regions thus effectively 
prevents crack during thermal cycling. 
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5.2.5 Oxidation resistance: 
 
Fig.5.21: Images of the cross-section of the ASC specimens with 0%, 1%, 1.5%, 1.75% and 2 % 
addition of the STG and oxidized at1400oC for 10 hours 
 
 
Fig. 5.22: Oxidation Index (%) of tempered ASC samples with0%, 1%, 1.5%, 1.75% and 2% 
addition of the STG and oxidized at1400oC for 10 hours 
 
The variation of the oxidation index of the ASC samples with the addition of the STG is 
presented in Fig.5.21. You can see that the outside ring area around the cross section of sample 
batch 1 clearly shows whiter contrast. The amount of whiteness indicates the extent of oxidation. 
Almost 8-9 mm of the outside to inside is completely oxidized for sample of batch 1. This 
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corresponds to an aerial oxidation of 30%. Even by looking at the other samples it is clear that 
the all of the STG modified samples exhibit better oxidation resistance.  
 
According to Fig.5.22, there is a clear indication that the oxidation resistance of the samples 
increases significantly with the addition of the STG. The oxidation index values decrease with 
STG from 30% to 11.5%. As STG forms carbide phases which have higher oxidation resistance 
property than that of natural graphite so, the oxidation index decreases with the STG for a certain 
amount of STG after a fix amount if we increased STG then again oxidation index increased. 
According to fig. 5.23 and 5.24 it is clear that, 1.5 wt. % STG having batch made more fibers 
like structures and aluminum carbide whiskers, aluminum nitride and silicon carbide in 
comparison to with o wt. % having samples, so STG is responsible for higher oxidation index. 
 
FESEM images of 0 wt% or without STG after oxidation inner part (no oxidized part): 
 
                   
 
Fig. 5.23: FESEM images of 0 wt% STG after oxidation 
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FESEM images of 1.5 wt% STG after oxidation inner part (no oxidized part): 
 
 
                 
 
Fig. 5.24: FESEM images of 1.5 wt% STG after oxidation 
 
 
 
5.2.6 Corrosion resistance:  
 
Fig.5.25: Corroded samples before cutting with 0%, 1%, 1.5%, 1.75% and 2 % addition of the 
STG 
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Fig.5.26: Corroded samples after cutting with 0%, 1%, 1.5%, 1.75% and 2 % addition of the 
STG 
 
Fig.5.27: Graph of penetration depth of Static slag corrosion test 
Fig.5.27 shows corrosion (mm) as a function of different amount STG and without STG added 
ASC refractories. It is clearly indicated that the 1.5 wt. % STG added samples undergone lowest 
corrosion. The penetration depth is lowering with the different STG percentage. But it is clear 
after 1.5 wt. % again penetration depth is increased.  Due to STG, the distribution of carbon 
throughout the matrix is better and high in comparison to the without STG sample. Thus, 
corrosion resistance is high for STG containing samples. 
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5.2.7 Permanent Linear Change (PLC): 
  
Fig.5.28: Graph of Permanent Linear Change (PLC %) test 
 
Fig.5.28 shows PLC % as a function of different amount STG and without STG added ASC 
refractories. PLC value is positive (0.05) for 1.5 wt. % STG. For other composition PLC values 
are negative, but there is sharp difference between without STG and STG having samples. So it 
is clear that with the addition of STG the PLC values of ASC refractory is improved. Because 
with the STG addition ASC refractory shows phase transformation earliest at lowest temperature 
and liquid phase formation due to the more reactiveness of the STG. 
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Effect of STG/Al2O3 mixture ratio on ASC refractory: 
In this chapter the effect of STG/Al2O3 mixture ratio on various properties is explored. All of the 
experimental procedures was done as detailed in the previous section. With regards to change in 
composition investigated here, according to table 4.6. We have identified batch 3 as the best 
composition. Based on these composition a slight change in STG/Al2O3 mixture was performed. 
In batch 3 mixture ratio of alumina and STG was taken as 5:1 and in batch 6 alumina and STG 
ratio was 2:1. 
6.1 Physical properties (before coking): 
            
 
 Fig.6.1: Variation of apparent porosity with the variation of STG/Al2O3 mixture ratio 
The change in AP with the variation of STG/Al2O3 mixture ratio is shown in fig.6.1.With the 
change of mixture ratio of STG/Al2O3 the percentage of AP is increasing.  The AP value 
increases for batch 6. Since the ratio of STG to Al2O3 was low in the composition, evidently the 
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distribution of STG in the refractory compact is not homogeneous. There may be region where 
STG has a higher concentration, than other region. Thus may have caused the increase in AP. 
The variation of bulk density is shown in fig.6.2. The bulk density appeared not to change very 
much, it is difficult differentiate between 3.1 and 3.07. 
 
Fig.6.2: Variation of Bulk Density with the variation of STG/Al2O3 mixture ratio 
  
Fig.6.3: Variation of cold crushing strength with the variation of STG/Al2O3 mixture ratio 
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The variation of cold crushing strength is shown in fig. 6.3. The CCS value also decreases for 
batch 6. In the case of batch 6 there is improper filling of pores due to which CCS value is 
decreased. The distribution of the resin around the aggregates may also be are the reason for 
decrease in strength. 
6.2Physical properties (after coking): 
  
Fig.6.4: Variation of apparent porosity with the variation of STG/Al2O3 mixture ratio 
The change in coked AP with the variation of STG/Al2O3 mixture ratio is shown in fig.6.4.With 
the change of mixture ratio of STG/Al2O3 the percentage of AP is increasing.  Due to the low 
ratio of alumina fines in the mixture, a similar trend to the tempered AP is also seen here. The 
coked bulk density (Fig.6.5) also follows a similar trend in that the BD for batch 6 decreases 
slightly to 3.02 gm/cc. 
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Fig.6.5: Variation of Coked Bulk Density with the variation of STG/Al2O3 mixture ratio 
 
Fig.6.6: Variation of Coked cold crushing strength with the variation of STG/Al2O3 mixture ratio 
The variation of coked cold crushing strength is shown in fig. 6.6. The CCS value is also 
decreased of batch 6. In the case of batch 6 there is not proper filling of pores due to it CCS 
value is decreased.  
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6.3 Thermal shock resistance: 
 
 
 
 
Fig.6.7:  Samples after 13th cycle 
 
 Fig.6.8: Graph of thermal shock resistance with the variation of STG/Al2O3 mixture ratio 
The thermal shock resistance of samples 3 and 6 are shown in the above figures. Batch 3 which 
contains 1:5 ratio of STG/Al2O3 shows a good result than batch 6 which has 1:2 ratio of 
STG/Al2O3. In batch 6 value of thermal shock is decreased because in batch 6 fibers, aluminum 
nitrides and aluminum carbides formation are less in comparison to the batch 3. 
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6.4 Oxidation resistance: 
 
Fig.6.9: Images of the cross-section of the ASC specimens of Batch 6 oxidized at1400°C 
for 10 hours 
 
 Fig.6.10: Oxidation Index (%) of tempered ASC Batch 3 and Batch 6 samples oxidized 
at1400oC for 10 hours with the variation of STG/Al2O3 mixture ratio 
The variation of the oxidation index of the ASC samples with the variation of STG/Al2O3 
mixture ratio is presented in Fig.6.9 and 6.10. Oxidation image of batch 3 sample is given in Fig. 
5.21. Interestingly, we have observed that there is practically no discernible difference in the 
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oxidation behavior of the batch 6 samples (Fig 6.9) as compared to there of batch 3 samples (Fig 
5.21). Even after geometrically calculating the oxidation area as well as the oxidation index for 
the samples are 11.5 and 11.9%, for batch 3 and 6 respectively. These values are quit close to 
each other. It is unclear as to how the batch 6 sample exhibits good oxidation resistance, 
although the CCS has been found to be clearly interior to that of batch 3. 
6.5 Corrosion resistance:  
 
Fig.6.11: Corroded sample of Batch 6 after cutting 
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Fig.6.12: Graph of penetration depth of Static slag corrosion test with the variation of STG/Al2O3 
mixture ratio 
Fig.6.12 shows corrosion (mm) as a function of the variation of STG/Al2O3 mixture ratio ASC 
refractories. It is clearly indicated that the corrosion of batch 6 sample is more than the batch 3. 
The distribution of carbon throughout the matrix is not better in batch 6 due to the ratio of 
STG/Al2O3. Due to which the corrosion resistance is decreased.  
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In this chapter the effect of different alumina fines (calcined alumina and reactive alumina) on 
various properties is explored. All of the experimental procedures was done as detailed in the 
previous section. With regards to change in composition investigated here, according to table 
4.7. In this section, we compare batch 7 with batch 6, in batch 7 reactive alumina is used, while 
in batch 6 calcined alumina used. Rest of the processes and composition etc. are kept the same. 
7.1 Physical properties (before coking): 
 
Fig.7.1: Variation of apparent porosity with the different –different alumina fines 
The change in AP with the different alumina fines variation is shown in fig.7.1. The AP value is 
less for batch 7 as comparison to batch 6. In batch 7 reactive alumina used, which have small 
size as compared to the calcined alumina. The fineness of the alumina used can be expected to 
have increased the packing in the refractory composition, leading to (only slightly) lower 
apparent porosity. The variation of bulk density is shown in fig.7.2. There is slightly change in 
BD.  
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The variation of cold crushing strength is shown in Fig. 7.3. The CCS value decreases for batch 
6. In the case of batch 6 there is calcined alumina size is slightly bigger not too much in 
comparison to reactive alumina due to which CCS value is slightly decreased as to batch 7. The 
distribution of the resin around the aggregates may also be are the reason for decrease in 
strength. 
 
Fig.7.2: Variation of Bulk density with the different –different alumina fines
 
Fig.7.3: Variation of cold crushing strength with the different –different alumina fines 
3.07 3.1
1
1.5
2
2.5
3
3.5
Batch 6 Batch 7
B
D
(g
m
/c
c)
Bulk Density(gm/cc)
413 426
0
50
100
150
200
250
300
350
400
450
Batch 6 Batch 7
C
.C
.S
(k
g
/c
m
2
)
Cold crushing strength(kg/cm2)
77 
 
7.2Physical properties (after coking): 
 
Fig.7.4: Variation of apparent porosity with the different –different alumina fines 
The change in coked AP with the variation of different–different alumina fines is shown in 
fig.7.4.With the change of alumina fines the percentage of AP is decreasing for batch 7.  Due to 
the size of alumina fines in the mixture, a similar trend to the tempered AP is also seen here. The 
coked bulk density (Fig.7.5) also follows a similar trend in that the BD for batch 6 decreases 
slightly to 3.02 gm/cc. 
The variation of coked cold crushing strength is shown in fig. 7.6. The CCS value is also 
decreased of batch 6. The coked cold crushing strength appeared not to change very much, it is 
difficult differentiate between 267 and 269. 
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Fig.7.5: Variation of Bulk density with the different –different alumina fines 
 
Fig.7.6: Variation of Coked cold crushing strength with the different –different alumina fines 
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7.3 Thermal shock resistance: 
 
Fig.7.7: Graph of thermal shock resistance with the different –different alumina fines 
The thermal shock resistance of samples 6 and 7 are shown in the fig. 7.7. The thermal shock 
resistance is similar for batch 6 and batch 7, because there is formation of aluminum carbides 
and nitrides are same. There is not too change in size of alumina fines of reactive alumina and 
calcined alumina, due to it most of properties are same for batch 6 and batch 7 remaining only 
AP. 
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7.4 Oxidation resistance: 
 
 Fig.7.8: Images of the cross-section of the ASC specimens of Batch 7 oxidized at1400oC 
for 10 hours 
 
Fig. 7.9: Oxidation Index (%) of tempered ASC Batch 6 and Batch 7 samples oxidized at1400oC 
for 10 hours with the different –different alumina fines 
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The variation of the oxidation index of the ASC samples with the variation of different–different 
alumina fines is presented in Fig.7.8 and 7.9. Oxidation image of batch 6 sample is given in Fig. 
6.9. According to figures (6.9, 7.8 and 7.9) and geometrically calculating the oxidation area it is 
clear that oxidation is more in batch 7. Due to the small size of reactive alumina heat passing 
capacity is more in comparison to calcined alumina. Because of it more heat propagation occurs 
in batch 7 sample and as a result more oxidation occurs. 
 
7.5 Corrosion resistance:  
 
 Fig.7.10: Corroded sample of Batch 7 after cutting 
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Fig.7.11: Graph of penetration depth of Static slag corrosion test with the different –different 
alumina fines 
Fig.7.11 shows corrosion (mm) as a function of the variation of different–different alumina fines 
ASC refractories. It is clearly indicated that the corrosion of batch 7 sample is more than the 
batch 6. It is due to the size and surface area of reactive alumina. 
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Chapter – 8 
 
Results & Discussion-IV 
Effect of antioxidant type 
on ASC Refractories 
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In this chapter the effect of different antioxidant (Al and Si metal powder) on various properties 
is explored. All of the experimental procedures was done as detailed in the previous section. 
With regards to change in composition investigated here, according to table 4.8. In this section, 
we compare batch 3(which had 2% Al metal powder) with batch 8(which had 1% Al and 1% Si 
metal powder). 
8.1 Physical properties (before coking): 
 
Fig.8.1: Variation of apparent porosity with the different antioxidant type  
The change in AP with the different antioxidants is shown in fig.8.1. The AP value is more for 
batch 8 as compare to batch 3. This increase in porosity may arise due to the variation of 
manufacturing condition like mixing and pressing. The variation of bulk density is shown in 
fig.8.2. The bulk density appeared not to change very much. It is difficult to differentiate 
between 3.1 and 3.07. The variation of cold crushing strength is shown in fig. 8.3. The CCS 
value also decreases for batch 8. In the case of batch 8 there is improper filling of pores due to 
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which CCS value is decreased. The distribution of the resin around the aggregates may also be 
are the reason for decrease in strength. 
 
 
Fig.8.2: Variation of Bulk density with the different antioxidant type  
 
Fig.8.3: Variation of Cold crushing strength with the different antioxidant type  
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8. 2Physical properties (after coking): 
 
Fig.8.4: Variation apparent porosity of with the different antioxidant type  
 
The change in coked AP with the different antioxidant type ratio is shown in fig.8.4. With the 
change of antioxidant the percentage of AP is increasing for batch 8. The coked bulk density 
(Fig.8.5) also follows a similar trend in that the BD for batch 8 decreases slightly to 3.03 gm/cc. 
The variation of coked cold crushing strength is shown in fig. 8.6. The CCS value is also slightly 
decreased of batch 8. The coked cold crushing strength appeared not to change very much, it is 
difficult differentiate between 316 and 305. 
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Fig.8.5: Variation of Bulk density with the different antioxidant type  
 
Fig.8.6: Variation of Cold crushing strength with the different antioxidant type  
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8.3 Thermal shock resistance: 
  
Fig.8.7:  Samples after 14th cycle 
 
Fig.8.8: Graph of thermal shock resistance with the different antioxidant type  
The thermal shock resistance of samples 3 and 8 are shown in the above figures. In batch 8 value 
of thermal shock is decreased may be because formation of SiC fibers, aluminum nitrides and 
aluminum carbides are less in comparison to the batch 3. 
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8.4 Oxidation resistance: 
  
 Fig.8.9: Images of the cross-section of the ASC specimens of Batch 8 oxidized at 
1400oC for 10 hours 
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Fig. 8.10: Oxidation Index (%) of tempered ASC Batch 3 and Batch 8 samples oxidized at 
1400 °C for 10hours with the different antioxidant type 
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The variation of the oxidation index of the ASC samples with the variation of different 
antioxidant type is presented in Fig.8.9 and 8.10. Oxidation image of batch 3 sample is given in 
Fig. 5.21. Interestingly, we have observed that there is practically not much difference in the 
oxidation behavior of the batch 8 samples (Fig 8.9) as compared to there of batch 3 samples (Fig 
5.21). Even after geometrically calculating the oxidation area as well as the oxidation index for 
the samples are 11.5 and 12.9%, for batch 3 and 8 respectively. These values are close to each 
other. 
 
8.5 Corrosion resistance:  
  
Fig.8.11: Corroded sample of Batch 8 after cutting 
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Fig.8.12: Graph of penetration depth of Static slag corrosion test with the different antioxidant 
type  
Fig.8.12 shows corrosion (mm) as a function of the different antioxidant type ASC refractories. 
It is clearly indicated that the corrosion of batch 8 sample is slightly more than the batch 3. These 
values are similar to each other. 
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Summary 
 and Conclusions 
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Al203-SiC-C refractory is one of the most important refractories in the steel industry. Al203-
SiC-C bricks have many advantages over the Al203 -C brick lining. 
An attempt has been made to reduce the graphite content of the Al203-SiC-C refractory by 
replacing a percentage of the graphite by specially treated graphite in this study. Effect of 
addition of STG has been studied in this present work. Total carbon content used for these 
bricks were 7.5 wt%. Graphite was partially replaced by STG in the range of 0% to 2 wt%. 
Other raw materials used for this study were fused alumina, tabular alumina, antioxidants (Al 
and Si metal powder) and resin binder (both liquid and powder). The compositions were 
mixed and pressed and then characterized for various properties of both tempered and coked 
samples. The effect of STG was studied by different characteristics of the bricks and the 
properties were compared with the base brick which contained no STG under similar 
manufacturing conditions. 
The significant features of the fabricated refractory are as follows. 
1. The STG fortified Al203-SiC-C refractories exhibited lower apparent porosity 
for 1.5 wt. % STG. 
2. Apparent porosity of the coked samples shows progressive lowering in 
porosity with the amount of STG used. Additionally the coked bulk density 
was found to increase than the standard composition. 
3. The trend of CCS for coked samples were similar to those of uncoked samples 
with the new composition showing ~20% increase in coked CCS. 
4.  The new composition exhibited remarkable increase in HMOR. The 
increment was almost 80% higher than that of the standard Al203-SiC-C 
refractory.      
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5. The new formulations showed excellent thermal shock resistance. While the 
standard brick failed at 12 air quenching cycles, our composition went past 16 
cycles. 
6. Dramatic increase in oxidation resistance was observed for the new 
compositions with an index of ~11% as compared to ~30% for the standard 
composition. 
7. The corrosion resistance of 1.5% STG fortified brick shows better corrosion 
resistance as compared to other compositions. But corrosion resistance is 
higher for without any STG content or standard composition of Al203-SiC-C 
refractory. 
In totally we have formulated a low carbon Al203-SiC-C refractory with 7.5% graphite with 
special carbon additives that exhibits excellent thermo-mechanical properties as noted above. 
The compositions with 1.75 in batch 4 and 2 wt% in batch 5, STG additives had either 
comparable or inferior properties as compared to the standard composition. On the other 
hand, refractories with 1.5 in batch 3 and 1 wt% in batch 2, additives exhibited dramatically 
improved thermo-mechanical properties including slag corrosion resistance, thermal shock 
resistance and oxidation resistance but also in batch 6 and batch 8 is almost showed the 
comparable result with respect to batch 3, here also it include that the oxidation and slag 
corrosion resistance of batch 7 was almost inferior with respect to batch 3.   
The technology demonstrated in this work is genetic to carbon/graphite containing 
refractories in that many of these classes of refractories can be strengthened with this 
approach. This work open up with a great opportunities to explore new and improved 
refractory systems for the future work. 
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Scope of future work: 
This investigation has opened up with a fabulous scope of further research in this direction. 
The results so far obtained are highly inspiring and may lead to detailed scientific studies. 
Field trials should be carried out with this club of Al203-SiC-C bricks in industrial operational 
condition. However, the positive effect of addition of specially treated graphite in Al203-SiC-
C refractory has been well-established in this study. A huge potential exists for commercial 
applications of this study to improve the properties of Al203-SiC-C refractories in future. 
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